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APT Concept
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APT Concept

•Instrument Concept

✴Much Fermi science came from >GeV 
energies (where resolution is good, 
diffuse backgrounds are manageable) 
and < 100 GeV (where statistics are 
good) - Next generation instrument 
should be optimized on the sweet spot 
around a few GeV.

✴ Increase geometry factor by >10 times 
Fermi - scintillating fibers.

✴ Improve angular resolution by >3 in range 100 MeV - 10 GeV.

✴Trade calorimetry (weight) for geometry factor (leave 100 GeV to ground-based instruments) 
- hold energy resolution to <30% up to 10 GeV, <50% up to 30 GeV.

✴Explore use of deployable technology to achieve larger volume better angular resolution, 
without simple volumetric cost for a probe-scale (~600M$) mission including a gas TPC for 
MeV measurements.



APT Concept

•Science (Enabled by 10x LAT geometry factor, >3 times angular resolution, optimized 
performance at a few GeV) Probe most of natural Dark Matter parameter space using dwarf 
galaxies.

✴Make spatially resolved images of galactic sources such as the GC region, SNR and 
PWN to understand details of particle acceleration.

✴Make all-sky temporally dense measurements of transient phenomena for large-Z GRB/
PopIII SNae, EM counterparts of gravity wave sources, perhaps Hubble constant 
constraints from AGN autocorrelations and gravitational wave detections.

✴  Make measurements of pair halos around AGNs, providing first solid constraints on 
primordial magnetic fields, with chirality probe CP violation in early universe, 
baryogenesis / matter-antimatter asymmetry in the universe (perhaps with MeV search 
for redshifted GeV annihilation signal - P. Coppi)



Science - Dark MatterpMSSM Model Exclusion!

3/7/13 SLAC Cosmic Fronter Workshop 14 

Constraints 
ΩDMh2 > 0.1 
XENON100 (2011) 
CMS+ATLAS (2012) 

tau channel 

bb channel 

Photon-count-limited regime - sensitivity AND cross section limits should scale roughly 
proportional to the geometry factor, number of Dwarf galaxies



Angular Resolution - SNR Case Study

the GLAST Large Area Telescope (LAT). Assuming that GRBs follow the SN Ib/c rate, Bissaldi
et al. (2007) obtain an even higher LAT detection rate and predict LAT detections with redshifts
between 6 and 10.

APT will be an extremely powerful GRB observatory with its order-of-magnitude higher sen-
sitivity than GLAST, and with its extremely large instantaneous field of view and excellent low-
energy response. For individual GRBs, we expect to obtain rich light curves and detailed time
resolved energy spectra. Time-resolved information about the pair creation opacity can be used
to constrain the temporal evolution of the jet bulk Lorentz factor and the size of the emission
volume [13]. GRBs represent a unique probe of the high-redshift Universe and the intergalactic
medium. With the sensitivity of APT, it will thus be possible to use GRBs to trace the star
formation, re-ionization, and metallicity histories of the Universe. In addition to detecting GRBs
from Pop I and II stars, APT may dip deep into the Pop III populations and may point the
JWST right to the first stars that formed after the big bang. APT observations may even lead
to a sufficiently good understanding of the GRB explosion and jet physics to make it possible to
use GRBs as standard candles. Whereas GRB measurements cannot compete with supernovae
observations at low and intermediate redshifts, they might well give the only access to the high-z
expansion history of the Universe (see e.g. [16]).

Supernova Remnants and Galactic Particle Accelerators
New breakthroughs in IACT imaging have revealed photon signals from a number of potential

sites of cosmic-ray acceleration, with spatially and spectrally resolved TeV images of a number of
shell-type supernova remnants (SNR) and pulsar wind nebulae (PWN). [7]. However, even with
the excellent spectral and spatial resolution of these measurements, there is still no smoking-
gun signature for hadronic processes (π0-emission) versus leptonic (inverse Compton) emission.
The GLAST mission should provide new spectral information that will discriminate between

Figure 2: (a) PSPC X-ray image of the supernova remnant IC443.
(b) Simulated GLAST response above 10 GeV where the instru-
ment PSF (blue distribution) is marginally sufficient to resolve the
40 arcmin extend of the remnant; circles are individual photons with
top-hat smoothing. The flux is estimated from the pi0 spectrum de-
rived for Vela Junior, but assuming a lower flux level of 100 mCrab
(compared with the ∼1 Crab flux measured at TeV energies) [?].
(c) Simulated image with SLAT using the PSF (blue distribution)
of the TFTC and orbit averaged effective area derived from GEANT
simulations. Both the GLAST and APT images are smoothed with
a top-hat function of angular size comparable to the PSF.

these models for a number of
sources, and is likely to provide con-
vincing evidence for the sites of
cosmic-ray acceleration. However,
GLAST will only be able to resolve
a few of the brightest SNR and sig-
nificant progress could be made with
a future high-resolution instrument
such as APT. In Fig. 2 we show as
an example the ability of APT to re-
solve IC443, one of a handful of SNR
that show strong evidence for inter-
actions with giant molecular clouds,
targets for π

0 production. The next
step after GLAST, will be to explore
the details of the history of particle
acceleration, diffusion and magnetic
field structure around these sources
through spatially and spectrally re-

5

•APT would allow detailed probes of the SNR 
morphology, resolving regions with molecular clouds, 
magnetic field amplification.   

•Use ground-based measurements to provide lever arm 
for spectral morphology.

IC443 - PSPC IC443 - >10 GeV LAT Sim. APT Sim
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Fig. 2.— Significance maps for the IC 443 field. (a) Using a ring background model and the

maxtel requirement (see text). The thick black circle indicates the one-sigma extension. (b)

Using a ring background model and the noT1T4 requirement. The thin black circle indicates

the on-source region used in the spectral analysis. (c) Using a template background model

from an independent analysis chain.

IC443 - VERITAS Discovery Paper



Fiber/MAPMT Performance

(∼40% rather than 20% for the R5900).
Fiber Tracker Test Model: A test model of a fiber tracker was calibrated at the CAMD facility
at Louisiana State University using bremsstrahlung spectra with energy range 0.05 to 1.5 GeV.
The prototype system was composed of 20 x, y planes of orthogonal 0.75mm, blue emitting,
double clad and mirrorized fibers with length 1.35m. Converter foils of 1/50th r.l. tantalum
were used. The beam traversed the fibers at a distance of 1.0m from the 64-anode MAPMT.
Fig. 5 shows an event with energy 240 MeV as determined by a CsI calorimeter behind the
tracker. Clear images of the pair conversion in both the x, z and y, z projections are observed.
The extraneous hits off of the track are not dark count hits, but are a result of a dirty beam.‘
Fiber system characteristics: The critical parameters of scintillating fiber systems are the num-
ber of photoelectrons detected and the fiber attenuation length. The attenuation lengths of blue
emitting, double clad, square cross-section fibers typically have attenuation lengths ∼1.4-1.6m In
many systems such as the fiber tracker/calorimeter proposed here, it is still preferable to use square
fibers since only a single fiber layer (and therefore half as many readout channels) is required to
achieve a high detection efficiency. With the development of 40% QE MAPMTs, if we read out
both ends of each fiber detected is quite robust. We have recently compared the number of p.e.s
detected using a single anode version of the High QE Hamamatsu MAPMT with that measured
using a Hamamatsu 1924. Fig. 8 shows that we detected ∼2 times as many p.e.s with the high-
QE tube, verifying the Hamamatsu specifications. Making the conservative assumptions that the
increase in QE for a large number of tubes is a factor of 1.6 greater than for a standard bi-alkalai
photocathode and that the fiber attenuation length is 1.4 m. The worst case number of p.e.s
is ∼17, which is more than sufficient for detection of singly charged minimum-ionizing particles.

Figure 8: S ignal distribution of 1mm
fibers (spares from the GLAST ACD
manufactured at WU) exposed to a
Sr-90 source and using a High-QE sin-
gle anode MAPMT (green histogram)
compared to that of a Hamamatsu
1924 PMT with a standard bi-alkali
photocathode (blue curve) and single
p.e. measurements for the two pho-
todetectors (black curves).

Environmental testing: Extensive environmental testing of
the fiber/MAPMT system has been conducted. The MAPMT
assemblies passed thermal/vac and shake tests at levels ex-
ceeding Delta-II qualification levels. Scintillating fibers have
been subjected to the space radiation environment at the level
of 2-3 kRads of protons on ACE-CRIS for 10+ years and show
minimal degradation.
Heritage: The fiber-MAPMT system has strong heritage in
space, on long-duration high-altitude balloon flights, and in
laboratory experiments. The CRIS experiment aboard the ACE
satellite uses a scintillating fiber hodoscope composed of fibers
developed by WU that has been working beautifully in space
for 10+ years. Fiber ribbons fabricated by WU with length
exceeding 3m are being used on the GLAST ACD. The TIGER-
LDB experiment, which has flown over Antarctica for a total
of 50 days, uses a 1.2m×1.2m fiber hodoscope developed by
WU. The Heavy Nuclei Explorer (HNX) experiment (WU PI
institution), which was selected for a SMEX Phase-A study,
utilized a fiber hodoscope with active dimensions 2m×2m using 1mm fibers read out using
MAPMTs. FiberGLAST, which utilized 0.75mm scintillating fibers with length 1.3 m read out
by MAPMTs, was selected for a Basic Option study. During this study, WU gained extensive
experience with the Hamamatsu MAPMT, and worked with Hamamatsu to improve an early
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level 6 performance. Technology developments required to complete this performance level include
scale-up of the MWD to 50×50 cm2, development of low-power front-end electronics and transient
digitizer, and 50 kV power supply needed for the TPC drift field. The Goddard Power branch has
developed and flown a 100 kV supply on sounding rockets in the 1970s.

3.2 Thick Fiber Tracker and Calorimeter

The baseline Thick Fiber Tracker & Calorimeter (TFTC) system consists of 32 x, y

planes of 1 mm square cross-section blue-emitting, double-clad scintillating fibers with
active lateral dimensions 2.5 m square. The fibers are read out on each end us-
ing 64 anode multi-anode PMTs. The first 24 planes (thick tracker) uses tung-
sten absorbers of equal thickness immediately below each fiber x, y plane for a

Figure 7: Photos showing
prototype TFTC fiber-optic rib-
bons formatted into cookies
and mounted to MAPMTs and
mechanical substrate.

total of 1.5 radiation lengths (r.l.). The last 8 planes (calorimeter)
have tungsten absorbers of equal thickness for a total of 3.5 r.l.,
giving a total of 5 r.l. for the full calorimeter. The vertical plane
separation in the tracker is 16.6 cm and in the calorimeter is 14.3 cm
giving a total height of the TFTC of 5.0m. (Fig. 1)

For our baseline design we choose a total converter depth of less
than 6 radiation lengths compared with the value of ∼10 for the
GLAST tracker and calorimeter. Given the relatively large num-
ber of layers, the instrument can also employ multiple Coulomb
scattering (as used in the AGILE tracker) for energy reconstruc-
tion up to about 1 GeV with ∼ 80% (FWHM) resolution. This
provides a very large geometry factor, allowing reconstruction of
side-entrant photons that do not convert in the calorimeter. The
total number of radiation lengths in the TFTC will be chosen to
balance conversion efficiency against a minimum energy resolution.
For a thin calorimeter, the fraction of energy leaking out of the
calorimeter is given by Eleak/E0 = (1/Γ(a))(1 −

∫ 0.5t

0 z
(a−1)

e
−z

dz)
where a = 2.0 + 0.5 ln E0, E0 is the primary gamma-ray en-
ergy, and t is the thickness of the calorimeter in units of radiation
lengths. Fluctuations in the energy deposition dominate the resolution at high energies giving
∆E/E0 ≈ 0.59(Eleak/E0)0.73. If we choose, as our baseline requirement, the ability to measure
energy up to at least 30 GeV (with energy resolution better than 50%) this simple approach
points to the need for a calorimeter at least t = 4 radiation lengths thick.
Fiber/MAPMT system: The basic unit of construction is the fiber panel. Each panel has
dimensions of 50 cm width and 315 cm length. Fibers with total length 295 cm are glued
together into ribbons with width 50 cm. These ribbons are then bonded to a substrate which
consists of a Rohacell core with graphite-epoxy face sheets (Fig. 7). The bottom panel for each
fiber plane has a Tungsten sheet between the fiber ribbons and the substrate. The fiber outputs
are formatted into cookies for interfacing with the readout.
MAPMTs: The fibers are read out on each end using 64 anode MAPMTs (Hamamatsu
R7600-200-M64 (with ultra-bialkali photocathode) integrated into an MAPMT assembly. These
MAPMTs are mechanically and electrically identical to those that we have used extensively for
readouts during our HNX phase-A study and the FiberGLAST basic-option study, as well as
several accelerator calibrations, with the exception that the R7600 tubes have much larger QE
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TR Level?  Fiber Aging?

•ACE has been in orbit about the L1 libration point, and operating for 17 years (since 1998).  Only 
small drop in signal intensity (could be fibers or image intensifier aging)

•Radiation dose calculated by extrapolating study using NRL creme code is 0.4 kRad/year.

•HEP testing of older fibers show insignificant damage up to ~50 kRads based on data available in 
1999 (FiberGLAST proposal).  New radiation resistant fibers may be better - accelerator studies 
needed.
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Past Work

Figure 4: Left: Differential sensitivity for APT (thick red curve) GLAST (green dashed curve), VERITAS
(blue dashed curve) and for a future idealized ground-based experiment with an effective area of ∼1 km2

(purple curve). The differential spectrum of the Crab Nebula (solid black curve) is shown for reference.
Right: Angular resolution of APT compared with that of other instruments. The upper red curve was
calculated with simulations of the TFTC baseline detector concept, the lower red curve is the estimated
sensitivity for the TGT instrument. The two green curves show the angular resolution for thick (upper) and
thin (lower) parts of the GLAST LAT. The dashed blue curve is the VERITAS angular resolution and the
dashed purple curve shows the sensitivity of an ideal array of imaging atmospheric Cherenkov telescopes.

equal thickness for a total of 3.5 r.l., giving 5 r.l. for the full TFTC instrument. The ACD consists
of 340 50cm×50cm scintillating tiles based on the GLAST ACD. The ACD will be sensitive to
better than 99% to singly charged minimum ionizing particles in low Earth orbit.

Figure 5: Left: Three-dimensional track image of a 6 MeV gamma-ray converting to an electron-positron
pair, black dots. The x − z, y − z, and x − y projections are also shown as green, blue, and purple open
circles, respectively. Truncation of the tracks at the edges of the active detector volume prevents complete
reconstruction of this event. The estimated incident photon direction is indicated by the red arrow. Right:
Pair event in FiberGLAST prototype tracker measured during the CAMD accelerator run.

3.1 Thin Gas Tracker

Each module of the TGT is a low density tracker, based on the three-dimensional track imager
(3-DTI), a large volume gas time projection chamber (TPC) with two-dimensional gas micro-
well detector (MWD) readout (Fig. 6i). A TPC detector measures the position of charged
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Weight and Power Budget
Table 1: APT Power and Mass Budget

Power Mass
TGT 208 W 1005 kg 40,000 channels 1.5 mW, EGRET design
TFTC 1212 W 4061 kg 320,000 channels 1.5 mW, 5000 MAPMTs
ACD 65 W 1065 kg 320 tiles, scaled from GLAST design
Central electronics 310 W 180 kg Based on past missions, standard efficiency factors
Instrument structure 2153 kg 25% payload mass, spacecraft interface, ACD support

Total mission resources:
Total Power 1796 W
Total Active Mass 2504 kg
Total Passive Mass 5960 kg
Total Mass w/Spacecraft 10,963 kg Spacecraft mass from CASTER estimate
Telemetry rate 500 kbps Based on 10 times GLAST data rate

version of the tube.

3.3 Anti-coincidence System

The Anti-Coincidence detector (ACD) is a series of scintillating tiles with wavelength shifting
fiber readout that surrounds the 3-DTI and Fiber Tracker on the APT. The main purpose of the
ACD is to efficiently detect charged particles (i.e. cosmic-rays) and provide a veto signal that
can be used to reject them from gamma-ray events. We envision an ACD design based on the
one used on GLAST. [X,Y]

The ACD for the APT instrument would utilize the same GLAST ACD design of scintillating
tiles to surround the detector with similar sensitivity requirements. It would be sized 2.65m x
2.65m x 7.5m to cover both the 3-DTI and the Fiber tracker. We envision a self supporting
2.65m x 2.65m x 2.5m ACD to surround the 3-DTI, though it is possible the pressure vessel
around the 3-DTI could be incorporated as part of the structure. This part of the ACD would tie
into a skirt of tiles 2.65m x 2.65m x 5m going down around the Fiber tracker and tying to the
support structure for the fiber layers.

3.4 Electronics Approach:

TFTC Electronics: For each layer, the fibers are coupled at each end to 64 channel Hamamatsu
MAPMTs. The MAPMTs are read by two 32 channel ASICs. The ASICs, developed from the
successful 4th generation LABRADOR ASIC, consist of a sampling switched capacitor array,
multiplexed 8 bit A/D converter, trigger discriminators and trigger OR circuit. The switched
capacitor array has a depth of 256 samples and is continually sampling at 300MHz. When
the coincidence trigger system detects an event, sampling stops and conversion takes place on
10 samples within the time window of that channel. The total dead time for each event is
approximately 150µs, or 4.5%

For each layer side, five Front End Electronics (FEE) boards will have a total of 39 MAPMTs,
78 ASICs, 5 readout FPGAs, and a layer trigger processor FPGA. HV gain control for each
MAPMT will be done by a local DAC and transistor control circuit which steps the HV down
from the 1000V bus supply under control from the DACPU.
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Launch 
Vehicle

Fairing 
Diameter 

(m)

Approx Static 
Envelop

Payload to 
LEO (kg)

Falcon 9 4.6 4.37 13150
Atlas V 521 5.4 5.13 13490
Atlas V 401 4 3.8 9797
Delta IV M

+ (5,2)
5 4.75 12820

Dnepr-1 3 2.85 4500
Zenit 2 3.9 3.705 13740

Atlas
ULA—One Team for Assured Access to Space



APT Simulation Results

Table 2: Simulation results for TFTC and GLAST

APT/TFTC GLAST
Angle of Angular Effective Angular Effective

Energy Incidence Resolution Area Resolution Area
(GeV) θ (deg) σ68 (deg) Aeff (cm2) σ68 (deg) Aeff (cm2)
0.10 10 3.0 28,500 6.6 2,810
0.10 30 3.2 32,300 6.6 2,390
1.0 10 0.51 34,400 0.92 7,330
1.0 30 0.55 41,000 0.92 6,240
10.0 10 0.19 34,600 0.18 8,600
10.0 30 0.12 41,400 0.18 7,700
100.0 10 0.08 35,000 0.082 8,500
100.0 30 0.08 44,400 0.082 7,200

of optimizing the scientific return from APT. We will accomplish this by (1) performing detailed
simulations of the baseline configuration to verify science performance and (2) evaluating the
performance of alternative designs with variations in the depth of the thin and thick tracker
sections. We will modify instrument concepts for spaceflight compatibility.
Performance Study: Detailed Monte-Carlo simulations and data analysis are needed to are
needed to accurately estimate the instrument performance. We will rely on existing and validated
software tools that have been used for the GLAST simulations as well as other gamma-ray
telescopes. These simulations will require development of accurate mass models of the instrument
designs as well as the space environment.
IDC Instrument Design Lab (IDL) Study: We will use the strawman SC and optimized
instrument design and as the starting point for detailed one-week ISAL and IMDC studies of
the APT mission. This will result in an instrument and mission assessments and include detailed
technology roadmaps and costing, which, in combination with the performance studies, will enable
selection of the best possible instrument and mission cost estimate for APT for input to the Decal
Review.
Technology Roadmap A technology roadmap will be developed and presented in the final
report. This report will provide a detailed assessment of the technologies required for APT and
identify enabling technologies which will insure a successful mission. This roadmap will include
a schedule and cost for the development of these technologies over the next decade. Determine
TRL levels and maturation needed.

3.8 Mission Cost Estimate

Basis for cost estimate:
As shown below, costing for the APT mission was obtained using the Goddard Costing for

Astrophysics Strategic NRA Mission Cost Estimation approach. A technology development cost
of $10M is included which is our estimated cost to bring the 3-DTI detector up from a TRL
level of 4+ to 6. It should be noted that a large fraction (≈71%) of the mass of the APT is
passive (i.e. the 3-DTI pressure vessel, the tungsten converter plates and substrates in the fiber
tracker/calorimeter, and scintillator in the ACD). The channel count is also low compared to
GLAST since the number of channels scales on the tracker/calorimeter scales by perimeter, not
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• 5 radiation lengths total

• 32 x-y 2.5m x 2.5m planes of 1mm fibers

•Aeff and PSF from reconstructed events, Energy 
resolution only from a PDG estimate!
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Cost Estimate
area. The use of relatively low cost sensors combined with modular construction (32 identical
tracker/calorimeter planes; nearly identical ACD units) also results in mission that is in the 600-
700M$ cost range.

3.9 Study Management

Study Schedule

1.0 Mission Definition 3/1/08 6/7/08
1.1 Requirements Development 3/1/08 4/13/08
1.2 Initial Definition of Instrument subsystems 3/15/08 4/15/08
1.3 Develop Strawman SC and Mission 4/15/08 6/7/08
1.4 Initial Data Inputs to IDC 6/7/08 6/14/08
2.0 Initial IDC Mission Design Lab (MDL) Study 6/16/08 6/21/08
3.0 Instrument Definition 6/22/08 7/26/08
3.1 Revise instrument concepts to fit mission 6/22/08 7/3/08
3.2 Modify instrument concepts for spaceflight compatibility 6/22/08 7/18/08
3.3 Provide Data Requested by IDC 7/19/08 8/1/08
4.0 Final IDC Instrument Design Lab (IDL) Study 8/4/08 8/9/08
4.1 Determine TRL levels and maturation needed 8/4/08 8/5/08
4.2 MDL Mission Update and Costing 8/6/08 8/9/08
5.0 Independent cost estimate 8/12/08 9/1/08
6.0 Preparation of Initial Report to Decadal Survey Committee 9/1/08 11/1/08
7.0 Workshop preparation and Workshop 11/1/08 12/3/08
8.0 Update Input to Decadal Survey 12/3/08 1/2/1009
9.0 Final Report Preparation 1/2/09 3/1/09

The APT collaboration will be divided into three groups by instrument section, i.e thin tracker,
thick tracker, and anti-coincidence. Each group will be responsible for simulations of their instru-
ment section as well as contributing to the overall instrument simulation. These groups will be
managed by the PI, J. Buckley, who has ultimate responsibility for completion of the study and
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Technology Development
•Demonstrate and Qualify New Photodetector/Readout 

Electronics:

✴ SiPMs (with better crosstalk) or APDs (with <30 e- 
readout) for readout offer QEs>70% QE - (sufficient 
that MIPs in 1mm fiber will produce ~20 p.e., can set 
threshold above single p.e. threshold for noisy Si 
devices)

✴ ASIC development:  Existing ASICs already close to 
this performance, e.g., 32 or 128 channel Brookhaven 
ASIC used for X-Caliber - PolStar CZT ASICs might 
share common design. 

• Simulation Studies Optimize Fiber Geometry:

✴ Low cost readout allows more channels with 
interleaved fibers, improved angular resolution and 
efficiency (but more channels).

•Qualification of fibers: Radiation tolerance studies, 
thermal-vac testing 

• Explore deployables, new platforms but need to 
developing believable cost model!

6ROLG:RUNV�(GXFDWLRQDO�(GLWLRQ�
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High Energy Large Inflatable ObservatorieS (HELIOS)   NNH15ZOA001N-15NIAC_A1 

High Energy Large Inflatable ObservatorieS (HELIOS) 
PI: Rashied Amini (JPL) Co-I’s: Jim Buckley (WUSTL), Henric Krawczynski (WUSTL), John 
Lin (ILC Dover), Pezhman Zarifian (JPL) 
 
The Need The past several decades have seen a tremendous surge in the understanding of the 
universe and the fundamental forces that unite matter and energy. At the heart of this 
understanding are the observations that are conducted by high energy (HE) astrophysics 
observatories. Despite progress, major questions in fundamental physics, cosmology, and 
astronomy remain – with space being the ideal laboratory to test these questions. The further 
study of HE phenomena, whether x-ray, γ-ray, or astroparticle physics, meets two of the three 
Astrophysics Decadal objectives1, “Searching for the First Stars, Galaxies, and Black Holes” and 
“Understanding Scientific Principles.” However, the future of these observatories is uncertain 
with the low prioritization of IXO and future ground-based Cherenkov observatory. Worse yet, 
as future missions seek to probe interactions and fluxes that cannot be detected by the current 
generation missions, costs will rise as future observatories are designed to be bigger and more 
sensitive by simply scaling existing systems. Between programmatic and physical realities, a 
revolutionary change in HE Observatory design is needed. In order to break free of cost 
scaling laws while providing a great leap in observing capability, we propose the study of 
inflatable structure technologies for High Energy Large Inflatable ObservatorieS 
(HELIOS) meeting the needs of competed and directed astrophysics missions. 
 
HELIOS is credible. Inflatable space systems have already been flown, from Project Echo2 to 
Bigelow Aerospace’s Genesis3. Inflatable space habitats as developed by ILC Dover4,5 are 
launched in a stowed, compact configuration but inflate to form rigid structures. Inherent in their 
suitability for habitation is the fundamental property required for HE observatories: large 
volume.  Inflatable space structures can be designed to many configurations with little impact to 
mass given its density of ~1 g/cm2 of material.  Using inflatables we can increase volume 
available to the instrument by orders of magnitude with less-than-linear cost scaling. 
 
The Revolutionary Impact Without some 
revolutionary technology, support for novel HE 
astrophysics missions in the NASA budget is in jeopardy. 
Our proposal makes continued support for HE missions 
possible while improving science return. The demand for 
revolutionary technology in HE astrophysics is clear. The 
Decadal stated: “Many high-priority science questions 
require an X-ray observatory on [the scale of IXO] that 
can continue the great advances made by Chandra1.” The 
cost to NASA for 50% participation was $3.1B for the 
12-20m long, 3 m2 collecting area (for 1.25 keV)6. While 
these are high order parameters for a next generation x-
ray mission, this illustrates the difficulty of flying new 
observatories.  However, HE astrophysics needs 
specialized detectors and shielding.  Extending concepts forces increasing larger missions 
(EXIST) or requiring unique deployables (NuSTAR). New missions will need shielding, which 
grows as a square of larger linear dimensions.  

Figure 1 Stowed HELIOS in launch vehicle 
inflating to a “binocular” configuration, 
doubling its observing area. Black lines are 
detectors; green box, avionics and other 
subsystems; dark blue, launch vehicle 
adapter; pink boxes, connecting structure. 



Large Deployed/Inflated Fermi

• Engineering cost study by JPL engineer, R. Amini - 
design optimized for area and angular resolution (not 
geometry factor) 

• Scaling law by simple quadratic addition of angular 
resolution (detector pitch) and multiple coulomb 
scattering (normalized to APT/Fermi)

•Angular resolution improves from separation of planes 
possible with a deployable detector.

High Energy Large Inflatable ObservatorieS (HELIOS)   NNH15ZOA001N-15NIAC_A1 

Coulomb scattering layers permitted sufficient energy resolution without an additional 
instrument.  Field of view was analyzed but certainly improved due to geometry factor (4.5e2 for 
Fermi and 3.89e4 cm2 for HELIOS-F) and flexibility in inflatable design. Lack of a calorimeter, 
cheaper instrument, and inflatable structure resulted better performance at about half the cost.  
 
The Proposed Study Even without optimization, HELIOS-F has demonstrated revolutionary 
capability and programmatic impact. There are many more mission concepts possible for 
observation of other energies and particles with different detector concepts to understand the 
nature of galactic cosmic rays, black holes, cosmology, and beyond. With NIAC support, we 
will explore the opportunities this major leap in capability will bring to answering other 
major HE astrophysics questions. For the most promising concepts, we will perform cost 
analysis and detailed studied of the science return in comparison with the existing state of 
the art to show the bottom-line impact. 
 
Given the broad scope of potential HELIOS missions, we will perform a survey of high priority 
HE astrophysics goals. We will determine potential instrument concepts appropriate for 
HELIOS. In determining instrument concepts we will develop novel concepts and consider 
existing ones to take advantage of available configuration. We will analyze, either through 
simulation or first-principle calculation, the most promising concepts while we perform 
parametric study of the mission system concept using existing tools used in our feasibility study. 
 
The Study Objectives Chronological, the study objectives are: 1. Survey outstanding HE 
astrophysics goals for promising instrument concepts. 2. Develop instrument concepts and 
measurement requirements. 3. Design notional observatories and perform costing. 4. Compare 
capability of observatories with regards to status quo and next-generation concepts if possible. 
 
Cost and Programmatics This JPL-led study will be conducted in partnership between ILC 
Dover and Washington University in St Louis (WUSTL). JPL will lead the science and 
engineering study, ILC Dover will provide expertise in engineering inflatable space systems, and 
WUSTL will provide science expertise. The budget for the study will be $100k. 

Figure 2 Comparison of 
effective area and angular 
resolution of HELIOS-F with 
Fermi.  
 
HELIOS-F and Fermi are nearly 
identical pair-production tracking 
detector concepts; however, 
HELIOS-F takes advantage of 
its significant volume to use a 
lighter, less effective detector 
over a larger path length 
allowing more effective 
distribution of its radiation length 
to minimize scattering (noise 
events) while having better 
statistics due to area and 
increased path length. 
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This available volume provides a revolutionary breakthrough in instrument design and 
measurement capability. Additional volume allows for novel instrument concepts, improving the 
performance of existing instrument concepts, or using less capable, heritage concepts while still 
providing better performance. This can be accomplished by observing effective area and path 
length, which allow for deeper, higher resolution measurements regardless of the detector.  For a 
fixed mass, observing area and path length can be interchanged based on the detector design and 
observation requirements. Path lengths upwards of 10 m, unimaginable in current bus designs, 
readily allow subarcminute resolution of x-ray and γ-ray sources.  For optical, soft x-ray 
investigations, it may be possible to construct extensive grazing optics with coated inflatable 
structures. As shown in Figure 1, the flexible configuration of inflatables allows observing areas 
factors larger than the launch vehicle static envelope, impossible with existing designs.  As 
demonstrated in Figure 1, flexible configuration allows for apertures factors larger than 
ordinarily allowed by the launch vehicle static envelop diameter. Larger observing area allows 
for deeper observations in shorter time, reducing mission durations or permitting observations of 
objects too faint to be practically observed. 
 
Extra volume allows for greater geometry factor7 that improves observation and creates an 
inherent resilience to background radiation. For background radiation to be accepted as a false 
positive, it would need to pass through the stack of detectors in a manner like observed light or 
particles. With finely spaced detector arrays, like on Fermi, this is a major issue. By increasing 
detector spacing we can improve performance, like angular resolution, while also making it a lot 
harder to trigger false positives. Moreover, scintillating polystyrene can be integrated into the 
inflatable structure for very low mass, integral anticoincidence detection. 
 
The Case Study On point, in Summer 2014 
our study team performed a feasibility 
study of a HELIOS gamma ray observatory 
(HELIOS-F) in comparison to the Fermi γ-
ray observatory revealing order(s) of 
magnitude improvement in performance 
while being half the cost. We selected a 100 
MeV-100 GeV γ-ray observatory as a case 
study for HELIOS feasibility due to readily 
available metrics of comparison with Fermi. 
Table 1 shows a high-level comparison while 
Figure 2 distinguishes two observing metrics. 
 
We did not optimize the detector design for 
performance or mass, but simply designed 
something that was simple, conservative, and 
feasible. We selected scintillating fiber/PMT detectors in a configuration similar to Fermi’s 
silicon strip, solid state detectors. Because of our detector separation length, we demonstrated an 
order of magnitude improvement in angular resolution with less accurate, cheaper detectors. This 
enhanced resolution better constrains dark matter surveys and can help understand the processes 
of expanding shells of supernova remnants. While we parametrically included several 
calorimeter concepts, the statistics from our large effective area and inclusion of multiple  

Table 1 Comparison of high-level parameters of 
HELIOS-F with Fermi. Range in cost shows results of 
two available methodologies. 
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Tail Calorimeter?
•There are numerous purpose-built (narrow-field) optical telescopes, how about 

another narrow-field telescope for >100 GeV gamma-rays?

•Might be able to use relatively small (6m) telescopes at, e.g., HAWC site to achieve 
this threshold.   

•To support APT, a dedicated fast-slewing, narrow field (6deg) array at an existing site 
might provide good “tail calorimetry” (with >4 o.m. in area!) at hundreds of GeV.   
HAWC will take over at higher energies (>TeV).  Estimated cost ~ $30M



Tycho - A Case Study

• Even VERITAS 0.1 deg PSF not sufficient

•Would a pion cutoff tell us about the Tycho SNR, versus diffuse cosmic-ray pions from the 
molecular cloud?

•Would better energy resolution with Fermi Help?

•Didn’t we really learn about the origin of hadronic cosmic rays from joint Fermi VERITAS 
spectrum?

10 G. Morlino and D. Caprioli: Strong evidences of hadron acceleration in Tycho’s Supernova Remnant
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Fig. 6. Spatially integrated spectral energy distribution of Tycho. The curves show synchrotron emission, thermal electron
bremsstrahlung and pion decay as calculated within our model (see text for details). The experimental data are, respectivley:
radio from Reynolds & Ellison (1992); X-rays from Suzaku (courtesy of Toru Tamagawa) , GeV gamma-rays from Fermi-LAT
(Giordano et al., 2011) and TeV gamma-rays from VERITAS (Acciari et al., 2011). Both Fermi-LAT and VERITAS data include
only statistical error at 1 σ.

by integrating the emission along the azimuthal angle, between
0 and 2π. The thin solid line shows the projected emission com-
puted using Eq. (16), while the thick line is the emission after the
convolution with the instrumental point spread function, which
is equal to 15 arcsec.

Fig. 7 shows indeed a good overall agreement between the
data and our prediction, even if some little discrepancies can
be noticed. The most evident one is that in the innermost re-
gion (r/Rsh <∼ 0.3), the theoretical prediction overestimates the
observed brightness by about 20 per cent. A plausible explana-
tion of this difference may reside in a slight deviation from the
spherical symmetry, which is somehow expected just because
the northeastern region is brighter than the rest of the remnant.

Another subtle but interesting difference is that the emis-
sion peaks slightly more inwards than in our model; as a con-
sequence, also the emission detected in the region 0.6 <∼ r/Rsh <∼
0.8 is found to be a bit larger than the theoretical prediction.
This difference might have different explanations. The most ob-
vious, and already mentioned, is the possible deviation from the
spherical symmetry. Another possibility is given by placing the
CD in a different position: if one assumed the CD to be located
closer to the center (i.e. if one took the CD/FS ratio to be a few
per cent smaller), the theoretical prediction would nicely fit the
data. However, we can not forget that this explanation would be
at odds with the findings of Warren et al. (2005), who estimated
the position of the CD to be more towards the forward shock,
namely around 0.93Rsh.

A final comment on the radio profile concerns the effects of
the non-linear Landau damping in the determination of the mag-
netic field relevant for the synchrotron emission. If we neglected
the damping, the magnetic field strength in the downstream (dot-
ted line in Fig. 5) would lead to a total radio flux larger by a fac-
tor 50 per cent or more with respect to the data, even if the radial
radio profile would retain a rather similar shape.

4.2. X-ray emission

As it is clear from Fig. 6, the synchrotron emission spans from
the radio to the X-ray band, where it sums up with the emission
due to thermal bremsstrahlung.

The best-fitting to the X-ray continuum observed by Suzaku
data is illustrated in greater detail in Fig. 8, where the dashed line
indicates the synchrotron emission alone and the solid line cor-
responds to the sum of synchrotron plus thermal bremsstrahlung.

The electron temperature in the downstream, calculated tak-
ing into account only the heating due to Coulomb collisions with
protons (Fig. 3), results in a bremsstrahlung emission peaked
around 1.2 keV which, at its maximum, contributes for about
the 6 per cent of the total X-ray continuum emission only, in
agreement with the findings of Cassam-Chenaı̈ et al. (2007).

In the same energy range there is however a non-negligible
contribution from several emission lines, which becomes more
and more important moving inwards from the FS, where the X-
ray emission is mainly non-thermal (Warren et al., 2005). A de-

(Morlino and Caprioli, A&A, 2011)

VERITAS Tycho Image VERITAS Tycho Image

0.2 deg



Conclusions

•Big Science objectives: Cosmology (DM, Primordial fields, Hubble constant, 
baryogenesis, first Pop III stars - explosions and imprint on EBL)

•It might be possible to achieve an order of magnitude geometry factor, large 
improvement in angular resolution by giving up energy resolution and 
embracing new (less robust) technologies.

•Don’t forget the power of GeV measurements!  Just because the MeV regime 
is more challenging and there is a gap, it doesn’t mean it is the only game in 
town.   

•When designing space experiments don’t forget about the strengths and 
weaknesses of ground-based instruments!
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Gamma-ray Shower Image (E = 1 TeV) 

SLAC Cosmic Fronter Workshop 

3/7/13 5 

1 km 

CTA: Point-Source Sensitivity!

SLAC Cosmic Fronter Workshop 

Hybrid-1 (50 hr) 
Prod-1 Array I (50 hr) 

~2-3x improvement  
in core energy range 
from US contribution 

Prod-1 Array I 
3 LSTs 
18 MSTs 
56 SSTs 
Hybrid-1 
61 MSTs 

Prod-1: See K. Bernlohr et al. 2012, arXiv:1210.3503 
Hybrid-1: See  T. Jogler et al. 2012, arXiv: 1211.3181 

Fermi (3yr) 

3/7/13 6 

CTA: Angular Resolution!

SLAC Cosmic Fronter Workshop 

Hybrid-1  
SC-MST 

Hybrid-1  
DC-MST 

0.1° 

0.03° 

A
ng

ul
ar

 R
es

ol
ut

io
n 

100 GeV 1 TeV 



pSCT Telescope
• SiPM camera providing lots of experience with Geiger-

mode APDs relevant to APT.

• Telescope design complete (left), assembly plan complete 
(right), OSS has gone out for bid, procurement will start 
soon.  

•Most components of the camera are under construction, 
first complete modules/PCBs currently under test
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STAGE 11
(SECONDARY MIRRORS)

STAGE 12
(SECONDARY BAFFLES) NOTES:

 
1. Weights And Dimensions Are Approximate.
 
2. Weights Of Positioner/Yolks Not Included.

SECONDARY MIRROR ASSEMBLIES
(2,400 lbs TOTAL)

To Balance, Add (14) Additional Counterweight Plates
Evenly Divided Between Both Frames
 
Total Weight = 92,550 lbs

SECONDARY BAFFLES
(1,350 lbs TOTAL)

To Balance, Add (10) Additional Counterweight Plates
Evenly Divided Between Both Frames

 
Total Weight = 97,250 lbs



Energy Resolution?

• Trade calorimetry for effective area and FoV (LAT 2.5 m2 str)

✴ Total instrument thickness (R.L) and number of layers still needs to be studied.

✴ AGILE had thin design, about 3 radiation lengths.   Studies showed that 
multiple coulomb scattering could be used for energy reconstruction up to 
GeV energies.   Highest energy spectral points (at 100% resolution) around 8 
GeV - Aldo Marselli

✴ Si was best choice for GLAST (stability, etc.) but need to reduce cost with a 
new technology - fibers.

✴ Lower cost, hrobust readout (APDs+ASICs) needed to allow longer fibers
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Snowmass 2013                                                CF2: Indirect Detection                                      James Buckley 

Tough Question CF12
``Given large and unknown astrophysics uncertainties (for example, when observing the galactic center), what is the strategy 
to make progress in a project such as CTA which is in new territory as far as backgrounds go? How can we believe the limit 
projections until we have a better indication for backgrounds and how far does Fermi data go in terms of suggesting them? 
What would it take to convince ourselves we have a discovery of dark matter?’’

Backgrounds get lower at higher energies, but even at 1-3 GeV with no background subtraction get a limit 

                      
 (Tim Linden, SLAC CF meeting)

within 1� � 1� 10�7cm �2 s �1 � ��v� = 1.6� 10�25 cm 3s�1

Unlike other astrophysical sources, would see a universal hard spectrum (typically harder by ~E0.5) with a sharp cutoff.  The 
spectral shape would be universal:  the same throughout the GC halo, in halos of Dwarf galaxies, with no variability.   



General Thoughts

•Should push for probe-class missions (>Explorer, <1 G$)

•A large (>G$) mission is very unlikely

•We should produce a mission concept that clearly identifies a few science 
drivers, and a strawman for the technological approach.

•Accurate costing may include development of more accurate parametric 
models for large dumb volumes, deployables etc.


